Deoxycytidine kinase (dCK) is one of the key enzymes of deoxynucleoside salvage supplying resting lymphocytes with DNA precursors for synthesis and repair. The level of dCK activity is especially important in chemotherapy with the use of deoxynucleoside analogues like arabinosyl cytosine (Citarabid, ara-C), or 2-chloro-deoxyadenosine (Cladribine, CdA). Previous results showed that Cladribine treatment of human lymphocytes increased several fold the activity of dCK without increasing the amount of dCK protein itself (Sasvári-Székely, et al., 1998, Biochem. Pharmacol. 56, 1175), and a possible post-translational modification was suggested. This theory was further investigated using NaF as an inhibitor of protein phosphatases. It was shown that NaF treatment of cells elevated dCK activity while inhibiting DNA synthesis. The possible mechanism of dCK activation/inactivation induced by exposure of cell cultures to different agents is discussed.
Deoxycytidine kinase (dCK, EC 2.7.1.74) is a key enzyme supplying precursors for DNA synthesis in lymphocytes [1] , therefore its activity affects cell survival, as well as cell death. dCK has an interestingly broad substrate specificity [2] . This enzyme is able to phosphorylate three of the four deoxynucleosides, moreover, the fourth deoxynucleotide, dTMP, can also be formed from dCMP. Consequently, dCK can supply all the precursors needed for DNA synthesis in G 0 /G 1 phase lymphocytes. Beside its high expression in lymphoid tissues [3, 4] significant dCK activity was found in solid tumours [5] . As the enzyme activates a large variety of deoxynucleoside analogues used in anticancer and antiviral therapy [6] , its activity has a high relevance to the thera-
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251-256 QUARTERLY peutic effectiveness of treatment of different types of leukemia [7, 8] . Moreover, development of resistance during chemotherapy can often be the result of inactivation of dCK. For these reasons, processes leading to activation/inactivation of dCK have a high clinical relevance. For example, the effectiveness of 2-chloro-deoxyadenosine (CdA, Cladribine) administration was shown to correlate with the in vitro phosphorylation capacity of peripheral blood mononuclear cells (i.e. dCK activity) from leukemic patients [9] . Combination therapy with ara-C and Cladribine was applied successfully probably due to increased intracellular phosphorylation of ara-C [10] , which suggested elevation of cellular dCK activity during the therapy. Etoposide was also shown to increase dCK activity in L 1210 murine leukemic cells [11] .
Interestingly enough, very little is known about the regulation of expression and activity of this key enzyme in deoxynucleoside salvage and DNA repair. dCK is known to be under a feedback control by dCTP [6, 12] . Inhibition of several enzymes, such as ribonucleotide reductase [13] , dCMP deaminase [14] and adenosine deaminase [15] by intracellular metabolites of chemotherapeutic agents, e.g. Cladribine, might alter the deoxynucleotide pools, thus influencing the activity of dCK. However, measurement of total dCTP pool might be not informative enough, as compartmentation of dCTP pool has been observed in tonsillar lymphocytes [16] and in other cells [17] . Several functions of the separate dCTP pools have been proposed: one serving DNA replication, the other supplying precursors for synthesis of membrane phospholipids and DNA repair [16, 17] . Deoxycytidine kinase is a constitutive enzyme, mainly expressed in lymphoid and in mononuclear blood cells [1] , and localized in the cytoplasm [18] . Previous experiments in our laboratory have shown stimulation of dCK activity after incubation of human lymphocytes with Cladribine without any increase in the protein expression [19] . Other deoxynucleoside analogues were also studied in detail in view of their activating effect on dCK [20] . The main goal of the experiments presented in this paper is to answer the question whether dCK activity can be influenced only by its substrate analogues or whether compounds other than deoxynucleotides can also elevate the phosphorylation capacity of dCK.
MATERIALS AND METHODS
Cells, treatment and labelling. The primary culture of human tonsillar lymphocytes was prepared as previously described [21] . Cells were treated with NaF in serum-free Eagle's Minimal Essential medium and pulse-labelled either with [methyl-3 H]thymidine or with 2¢-deoxy[5-3 H]cytidine (1.0 mCi /mL) for 20 min. After pulse labelling, the cells were washed and fractionated into nucleotide, liponucleotide and DNA fractions [22] . Purification and assay of dCK and dTK activity. Parallel cultures of control and NaF treated cells were collected by centrifugation, and dCK and dTK activity was measured in crude cell extracts and after partial purification of dCK as previously described [23] , with some modifications: Crude cell extracts were prepared in 5 mL of 50 mM Tris/HCl buffer, pH 7.6, containing 2 mM dithiothreitol, 21% glycerol, 0.5% Nonidet P-40 and 0.5 mM phenylmethylsulfonyl fluoride by homogenization and by repeated freezing-thawing cycles in liquid nitrogen. After centrifugation at 104 000´g at 4°C for an hour, the supernatant (about 20 mg protein in 4 mL) was applied onto a DEAE-Sephadex A-25 column, equilibrated with buffer A (50 mM imidazole buffer, pH 7.0, containing 5 mM MgCl 2 , 4 mM b-mercaptoethanol, 20% ethyleneglycol) and eluted with a linear 0-1 M KCl gradient. For the assay of dCK activity, fractions were reactivated by 20 min incubation with 50 mM dithiothreitol and 1 mg/mL bovine serum albumin.
RESULTS AND DISCUSSION
NaF was chosen for treatment of lymphocytes as it is easily taken up by the cells, affects probably the nucleotide metabolism, but has no structural similarity to the deoxynucleosides or nucleotides. To investigate the effect of NaF treatment on lymphocytes, the nucleotide, liponucleotide and DNA [21] . In the presence of NaF the level of free nucleotides was increased simultaneously with a decrease in their incorporation into the DNA fraction (Fig. 1A) . Labelling with 3 H-dT resulted in a much lower level of free nucleotides and a dramatic decrease in their incorporation into DNA (Fig. 1B) . These data suggest an increased rate of 3 H-dC phosphorylation as well as a dramatic inhibition of DNA synthesis by NaF.
Investigation of the crude extracts of the cells, treated with NaF as described above, revealed the activation of dCK by NaF (Fig. 2A) . The maximum of dCK activity after 1 h incubation of lymphocytes with 15 mM NaF was about twice as high as the initial level. At that time, DNA synthesis was completely inhibited by NaF (Fig. 1B) . Control cells were incubated without NaF, and there was no significant change in dCK activity, and only a slight decrease in dTK activity. When 1 h of incubation at increasing concentrations of NaF was applied, dCK activation was found to be the highest between 10 and 20 mM NaF (Fig. 2B) . Again, no similar changes were observed in the level of dTK activity. Thus the stimulatory effect of NaF treatment seems to concern specifically dCK, and has no influence on the activity of another nucleoside salvage enzyme, dTK.
As the modulatory effect of the intracellular dTTP/dCTP pool is well known from the work of Plunkett's group [24] , the increased enzyme activity could be ascribed to the allosteric activation of the enzyme by a small effector molecule. Generally, allosteric effectors can be separated easily from proteins by column chromatography. Crude extract was applied on DEAE-Sephadex column to test the hypothesis that the loss of the activator molecule during the purification process leads to the loss of dCK activation. After purification it Vol. 48 Activation of deoxycytidine kinase by NaF 253
Figure 1. Effect of NaF treatment on the metabolism of [ 3 H]deoxycytidine (A) and [ 3 H]deoxythymidine (B).
Human lymphocytes in culture were pulse labelled either with [ was still possible to demonstrate the enhanced dCK activity (Fig. 3) which rules out the role of loosely bound effector molecules. Our preliminary experiments based on immunostaining of the peak fractions showed that the higher enzyme activity can be observed at the same dCK protein content, suggesting post-translational activation as a possible mechanism for dCK activation, in agreement with our previous results [19] . The possible post-translational modifications of enzyme activity are numerous. As NaF is a known inhibitor of protein phosphatases [25] , one possible explanation is the activation of dCK by enzyme phosphorylation. These data are consistent with the results of Wang & Kucera [26] who found that the activation of dCK was increased by in vitro protein kinase C treatment. However, the exact mechanism of dCK activation in vivo needs further investigation.
In conclusion, the results presented here show the activation of dCK by NaF treatment of human lymphocytes. NaF treatment, of course, is not of a direct clinical importance. However, these results might give some insight into the mechanism of dCK activation through either a disturbance of the nucleotide pools or inhibition of the cellular protein phosphatases. A: Cells were incubated either in the absence (dotted lines) or in the presence (continuous lines) of 15 mM NaF for different time periods. Then dCK (n) and dTK (l) enzyme activities were measured in crude cell extracts. B: Cells were incubated in the presence of different concentrations of NaF for 1 h. Crude cell extracts were prepared after the treatment and the maximum velocity of dCK (u) and dTK (n) were measured under optimal conditions and at substrate saturation. Human lymphocytes were incubated in the presence (n) or absence (£, dotted line) of 15 mM NaF for 2 h. Then crude extracts were subjected to purification by ultracentrifugation and DEAE-Sephadex chromatography. dCK was eluted by 0-1 M KCl gradient and the activity was measured in each fraction.
